ABSTRACT: Finite element (FE) models are frequently used to assess mechanical interactions between orthopedic implants and surrounding bone. However, FE studies are often limited by the small number of bones that are modeled; the use of normal bones that do not reflect the altered bone density distributions that result from osteoarthritis (OA); and the application of simplified load cases usually based on peak forces and without consideration of tibiofemoral kinematics. To overcome these limitations, we undertook an integrated approach to determine the most critical scenario for the interaction between an uncemented tibial component and surrounding proximal tibial bone. A cementless component, based on a modern design, was virtually implanted using computedtomography scans from 13 patients with knee OA. FE simulations were performed across a demanding activity, stair ascent, by combining in vivo experimental forces from the literature with tibiofemoral kinematics measured from patients who had received the same design of knee component. The worst conditions for the bone-implant interaction, in terms of micromotion and percentage of interfacial bone mass at risk of failure, did not arise from the maximum applied loads. We also found large variability among bones and tibiofemoral kinematics sets. Our results suggest that future FE studies should not focus solely on peak loads as this approach does not consistently correlate to worst-case scenarios. Moreover, multiple load cases and multiple bones should be considered to best reflect variations in tibiofemoral kinematics, anatomy, and tissue properties. ß
Component fixation in total knee replacement (TKR) continues to be a challenge, as aseptic loosening accounts for 20-40% of all TKR revisions. [1] [2] [3] While cemented implants continue to remain the gold standard, the use of cementless components is increasing thanks to newly highly porous ingrowth materials with potential to improve long-term results. For cementless fixation, achieving long-term survivorship requires bone ingrowth and mineralization into the porous surfaces of the implant components, thus securing a stable link between implant and bone. In order to achieve reliable osseous ingrowth, the relative micromotion between implant and bone must be low (<20-50 mm 4, 5 ). In addition, the implant must continuously transfer loads to the adjacent bone to minimize stress shielding but also must not overload the bone tissue, which could lead to osseous collapse and failure of the fixation.
Implant fixation is governed, therefore, in large part by the biomechanics of the bone-implant system, and as such researchers have applied finite element (FE) analyses to evaluate the risk of bone failure, [6] [7] [8] implant migration, 9 load transfer, [10] [11] [12] [13] bone resorption, 14 and/or interfacial micromotions. 11, [15] [16] [17] [18] [19] [20] While such analyses provide important insights, they are often limited by only modeling a few, usually normal (i.e., without underlying pathology), bones and a few, usually maximum, loading conditions that generally do not incorporate the tibiofemoral kinematics. Only Galloway et al. 7 simulated a large number of bones throughout an activity cycle; however, the condition of the bones (i.e., healthy or arthritic) was unknown and the loads were directly applied to the tibial tray, assuming even force distribution and static contact areas. Nonetheless, previous studies have shown that the biomechanical bone-implant interaction is influenced by bone-to-bone variability [6] [7] [8] and changes in bone modulus distribution that occur due to osteoarthritis (OA). 6 In addition, it has been shown that peak micromotions can arise for sub-maximal loads. 15, 16, 18 On the other hand, loads are often applied at the center of the condyles 6, 11 or distributed to the tibial plateau, 7, 15 ,18 yet Chong et al. 16 and Bartel et al. 21 showed that the location where the loads are applied to the tibial tray can markedly affect the load transfer to bone and micromotion between the implant and the bone.
To address these limitations, we undertook a comprehensive evaluation of the mechanical burden of a cementless tibial baseplate using an integrated approach in which multiple osteoarthritic bones were simulated across a demanding activity of daily living, stair ascent, accounting for experimentally measured tibiofemoral kinematics and loads (Fig. 1) . Our aim was to determine (1) which instant of the activity cycle generated the most critical conditions for micromotion and risk of bone failure and (2) what was the variability in micromotion and risk of bone failure introduced by different bones and tibiofemoral kinematics.
MATERIALS AND METHODS
In a separate study, tibiofemoral kinematics were experimentally measured by fluoroscopy during stair ascent in eight 2 ) who had undergone unilateral cemented TKR using the Physica Knee PS (Posterior Stabilized) design (LimaCorporate, Villanova di San Daniele, Udine, Italy). The anterior-posterior (AP) contact location on the medial and lateral condyles and the internal-external rotation between the femur and tibia were acquired every 5˚and from 10˚to 80˚of knee flexion (Fig. 2) .
Thirteen other patients with end stage OA about to undergo TKR underwent pre-operative CT scans as standard of care. All were female, from 58 to 80 years of age, with body mass indices (BMIs) ranging from 22 to 36 kg/m 2 and all with Kellgren-Lawrence grade 3 or 4 OA. One knee presented bi-compartmental OA, two knees presented lateral OA, and 10 knees present medial OA. All CT scans were performed in the same center with the same scanning parameters (402 kVp and 135 mA). The 3D geometry of the proximal tibiae was reconstructed from the CT scans and virtual resection was performed perpendicular to the mechanical axis in the coronal plane and with 3˚of posterior slope in the sagittal plane. Each tibia was then virtually implanted with a Physica PS modular tibial component, under the guidance of fellowship trained orthopedic surgeons (TPS, PKS, FC, IDM). The implant's AP midline was oriented with the medial third of the tibial tubercle, and the proper implant size was chosen to maximize coverage while avoiding overhang on the cut tibial surface. To mimic modern cementless knee implants, the fixation geometry of the implant was modified to two hexagonal pegs located posterior to the implant's medial-lateral (ML) midline (Fig. 3) .
The tibial component and the bone were meshed with linear tetrahedral elements in Abaqus 2017 (Dassault Systemes, Providence, RI). The element size used for the bone increased from 1 mm at the proximal tibial cut to 2.5 mm at 40 mm distal to the tibial cut and to 3 mm at the distal fixed end of the tibia (77 mm distal to the resection). For the tibial component, the element size was 1 mm except for the articular surfaces, where the size was decreased to 0.75 mm to allow for the proper definition of the load application according to the tibiofemoral kinematics. The resulting 13 models had between 486,532 and 960,622 linear elements.
The component materials were modeled as linear, isotropic, and homogeneous. Similar to modern cementless knee implants, the pegs and the inferior layer on the backside of the metallic tray were assumed to be LimaCorporate's 3D printed porous Trabecular Titanium TM (TT), with an elastic modulus (E) of 1.1 GPa and a Poisson's ratio (ʋ) of 0.3. The remainder of the tibial tray was assumed to be Ti6Al4V (E ¼ 114.3 GPa, ʋ ¼ 0.33), while polyethylene (E ¼ 687 MPa, ʋ ¼ 0.3) was considered for the tibial insert. The tibial insert and tibial tray were assumed to be rigidly bonded together.
The bone was modeled as a linear, isotropic, non-homogeneous material. The elastic modulus was assumed to be dependent on the apparent density, which was linearly related to the Hounsfield Units (HU) from the CT scans. Since the bones were not scanned alongside reference phantoms, we assumed that the 13-bone average minimum HU (À174.5) corresponded to an apparent density of 0 g/cm 3 , and the 13-bone average maximum Hounsfield Units (1731) corresponded to a density of 1.8 g/cc. 23 The apparent density was then converted to elastic modulus by combining the empirical relationships from Morgan et al. 24 and Snyder and Schneider, 25 which have been shown to adequately predict bone failure under daily activities and to correlate well with experimental data. 23, 26 To determine the loading profile for each of the 13 FE models, we relied on the experimental measurements from Bergmann et al. 22 (available online at http://orthoload.com), which consist of three net joint forces and three net joint moments, obtained as the average of in Figure 1 . Flowchart of the study.
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vivo measurements in eight patients with telemeterized total knee replacements during stair ascent. The loading profiles were discretized into 26 loading steps (Fig. 4a) , and the magnitudes of the forces and moments were scaled to each of the 13 models based on the individual weights of the 13 patients who had been CT scanned. A single activity cycle was simulated, in which the loads and moments were applied to the load summation point situated at the center of the tibial baseplate, at the lowest point of the polyethylene insert. 22 At each loading instant, the tibiofemoral contact points were determined based on the knee flexion. All nodes on the articular surfaces within 10 mm of the contact points were kinematically coupled to the load summation point (Fig. 4b) . In all cases, the bones were fixed 77 mm distal to the proximal resection.
Finite element simulations were performed in Abaqus 2017, considering the bone-implant interface as frictional to represent the immediate post-operative scenario where no bone ingrowth has yet occurred. The friction coefficient between bone and TT was set to 1.1. These data were provided by LimaCorporate. In total, 104 cases were simulated, resulting from the combinations of each of the 13 tibiae with the eight different kinematics sets. To obtain the micromotion at the bone-implant interface, the closest node in the bone interface to each implant interfacial node was first determined in the original (i.e., unloaded) state. Then, the bone-implant interfacial micromotion was obtained as the difference in displacement between each pair of nodes. The risk of bone failure at the bone-implant interface was computed based on a principal strain failure criterion. 24 This assumes failure if the maximum tensile strain is larger than 7,300 me or the minimum compressive strain is smaller than À6,500 me.
RESULTS
The maximum micromotion, considering the average of eight kinematics sets for each tibia, was computed at 72% of the stair ascent cycle (Fig. 5a ). This was approximately double than that computed for the maximum applied load during the activity cycle ($35%). For most of the tibiae, the maximum micromotion was between 27 and 38 mm. However, one tibia (T-7 in Fig. 5a ) generated a maximum of 20 mm, while tibiae T-3 and T-5 yielded maximum micromotions of 50 and 82 mm, respectively. Patient T-5 required the smallest implant size but had the third heaviest weight. Nevertheless, across the entire group, the maximum micromotion was only moderately correlated with the ratio of patient weight to implant coverage (R 2 ¼ 0.35) and BMI (R 2 ¼ 0.34). In the most critical case for each tibia, the maximum micromotion arose at the anterior-lateral edge of the tibial tray (Fig. 6) . Between 57% and 97% of the tray interface had micromotion smaller than 20 mm, below the most restrictive threshold for a stable interface. 4 Conversely, for the most critical case, a maximum of 21% of the interface had micromotions >50 mm, which can be considered the most generous threshold for a stable interface. 5 The largest percentage of interfacial bone mass at risk of failure (i.e., with strains larger than the yield strain of bone), considering the average of eight kinematics sets for each tibia, occurred at 72% of the cycle in all cases and was at least 1.5 times larger than the point in the cycle ($35%) when the maximum applied load occurred (Fig. 5b) . The maximum percentage of interfacial bone mass at risk of failure was small in all cases (<0.6% of the bone-tibial tray interfacial mass) and was not correlated with BMI (R 2 ¼ 0.15) or the ratio of patient's weight to implant coverage (R 2 ¼ 0.05). For 11 of the 13 tibiae, the bone at risk of failure in the most critical case was located at the posterior aspect of the lateral compartment of the bone-implant interface (Fig. 7) . For tibiae T-4 and T-7, the bone at risk of failure was located in the posterior aspect of MECHANICAL PERFORMANCE OF CEMENTLESS TKR the medial tibia. Only T-5 showed failure at the implant's ML midline. The percentage of interfacial bone mass at risk of failure accumulated throughout the cycle was also computed. This was done by considering at each bone element the highest strain throughout the cycle. In general, the percentage of interfacial bone mass at risk of failure accumulated throughout the cycle was similar to the one obtained in the most critical scenario; however, tibiae T-1, T-4, T-7, and T-13 showed noticeable differences between both values (Fig. 8) .
For each tibia, the variation in micromotion and percentage of interfacial bone mass at risk of failure introduced by multiple kinematic sets was computed as the range of values across the eight kinematics sets. Similarly, the variability introduced by multiple tibiae was computed, for each kinematic set, as the range across the 13 tibiae. For both, micromotion (Fig. 9a) and percentage of interfacial bone mass at risk of failure (Fig. 9b) , the variation introduced by considering multiple tibiae was more important than the variation due to the eight kinematics sets.
DISCUSSION
We sought to determine the most critical loading conditions during stair ascent for the interaction between a cementless tibial component for total knee replacement and the surrounding bone. This was done across multiple tibiae and included tibiofemoral kinematics to determine load location. We used micromotion at the bone-implant interface and the risk of bone failure at the interface as our measures of successful cementless fixation.
We found that the maximum micromotion and the maximum percentage of interfacial bone at risk of failure did not occur at point in the stair ascent cycle when the largest load was applied ($35% of the cycle), but instead at 72% of the cycle. This point in the cycle corresponds to the contralateral foot strike and is characterized by close-to-maximum axial and AP shear forces, maximum flexion-extension moment, and close-to-maximum internal-external and varus-valgus moments. Similarly, other authors have found the most critical micromotions to arise for sub-maximal loads. 15, 16, 18 Furthermore, we found that for some tibiae the percentage of interfacial bone mass at risk of failure in the most critical load case was smaller than the one accumulated throughout the cycle. Regardless of the particular instant of the activity cycle that yielded the most critical conditions for the boneimplant interaction, these results show that single load cases, even when based on peak loads, can underestimate the burden placed on the bone-implant system.
We also found that the different tibiae and tibiofemoral kinematics sets introduced variability in the FE results. The variability was more important across tibiae than across kinematics sets and more important for micromotion than for the percentage of interfacial bone mass at risk of failure. The tibia that yielded the Figure 6 . Distribution of micromotion for each tibia for the most critical case (i.e., the one that yielded the largest micromotion).
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largest micromotion had the largest BMI; however, the values of micromotion and percentage of interfacial bone mass at risk of failure were only moderately correlated with the patient's BMI or the ratio of patient's weight to implant coverage. As an example, T-4 and T-9 both had BMI of 26; however, they yielded a maximum micromotion of 51 and 37 mm, respectively. These results show the importance of considering multiple tibiae in the FE simulations of bone-implant interaction in order to capture the worst-case scenario. Moreover, they suggest that patient-specific simulations may play a relevant role when it comes to evaluating the suitability of an individual for cementless total knee replacement, as also previously suggested by Wong et al. 8 In addition, the variability introduced by the tibiofemoral kinematics shows that the location where loads are applied affects the FE results. Therefore, as previously suggested, 16 the tibiofemoral kinematics should be considered for the application of loads, as opposed to centered on the articular surfaces 6, 10 or distributed to the tibial tray 7, 15, 18 Our study has limitations. First, the results were not experimentally validated. Direct validation of the FE results was impossible because the input data for the models corresponded to living subjects. Neverthe- MECHANICAL PERFORMANCE OF CEMENTLESS TKR less, the maximum micromotion values that we computed (20-82 mm) are within the range of values found in previous studies. 16, 18 On the other hand, Tuncer et al. 26 demonstrated that the density to modulus relationships considered here adequately predict the bone surface strains, upon which the risk of bone failure was based. Second, we did not include muscle forces. However, the forces and moments that we considered, reported by Bergmann et al., 22 correspond to the loads generated by the femur on the tibia under the loading environment that include the loads contributed by the ground reaction, gravity (body weight), inertia, and muscles. Therefore, including the muscle forces would not have impacted the results at the bone-implant interface. Finally, the alignment of the implant in the FE models was not the same as during the in vivo measurements of tibiofemoral loads or kinematics. In addition, we considered a particular implant design, posterior stabilized, and a particular fixation technique, cementless fixation. In this way, we applied the joint loads measured by Bergmann et al. 22 to the FE models, and we assumed that they were the same across tibiofemoral kinematic sets. Nonetheless, differences in component alignment and implant's articular design will alter the kinematics, and consequently, the loads at the joint. Moreover, the variables of interest for other component fixation methods (i.e., cement) will be different. However, these potential changes do not reduce the validity of the main conclusion of our work, that the boneimplant interaction may be underestimated when considering single loads based on peak forces. Finally, the patient CT scans did not include reference phantoms, creating uncertainty in the Hounsfield Unit to density relationship; however, we followed an approach reported in previous studies 23 that included experimental validation of FE results. 26 In conclusion, we integrated multiple osteoarthritic bones, experimentally measured forces and tibiofemoral kinematics into a series of FE models of cementless TKR implants. Our results support evaluating the bone-implant interaction for multiple bones and for a variety of loading conditions, including changes in tibiofemoral kinematics to ensure the worst-case scenario is captured. Furthermore, the lack of correlation between micromotion and patient-based parameters suggest that patient-specific models may be useful tools to evaluate the suitability of a patient for cementless total knee replacement.
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